A snowfall retrieval algorithm based on Bayes' theorem is developed using high frequency microwave satellite data. In this algorithm, observational data from both airborne and surface-based radars are used to construct an a-priori database of snowfall profiles. These profiles are then used as input to a forward radiative transfer model to obtain brightness temperatures at high microwave frequencies. In the radiative transfer calculations, two size distributions for snowflakes and ten observed atmospheric sounding profiles are used with snowfall profiles from observations. In addition, the scattering properties of the snowflakes are calculated based on realistic nonspherical shapes using discrete dipole approximation. The algorithm is first verified by airborne microwave and radar observations and then applied to the Advanced Microwave Sounding Unit-B (AMSU-B) satellite data. The retrieved snowfall rates using AMSU-B data from three snowfall cases in the vicinity of Japan show reasonable agreement with surface radar observations with correlation coefficients of about 0.8, 0.6 and 0.96 for the three cases, respectively. The comparison results also suggest the algorithm performs better for dry and heavy snow cases, but is less accurate for wet and weak snow cases.
Introduction
Passive microwave instruments on satellites, such as the Special Sensor Microwave Imager (SSM/I) and the Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI), have provided measurements of global rainfall over the past several decades. In particular, the accuracy of rainfall retrievals has greatly improved in the tropical regions with the success of TRMM [Kummerow et al., 2001 ]. However, precipitation retrieval over the higher latitudes, particularly snowfall retrieval, has not received as much attention. Although falling snow is an important component of global precipitation in extratropical regions, an accurate satellite snowfall algorithm has not yet been developed. It is believed that there are two major reasons for this lag. First, the ice signature is indistinguishable from the liquid water signature at visible and infrared wavelengths, and the radiative signature of snow particles (scattering signature) is weak at low microwave frequencies (<90 GHz). This leaves high-frequency microwave as the best candidate for snowfall retrieval. But satellite observations with a reasonable spatial and temporal resolution at these frequencies were not available until recently when the Advanced Microwave Sounding Units -B (AMSU-B) was launched onboard the NOAA-15 satellite. The second reason for this lag is the nonspherical shape of ice particles and snowflakes, whose radiative properties are much more complex than their liquid counterparts (water drops). Additionally, the thermal emission by water vapor and cloud liquid water has a masking effect on the snow scattering and reduces the snowfall signature [Liu and Curry, 1998 ].
Studies of the scattering signatures of snow particles by several investigators laid the foundation for us to develop a snowfall retrieval algorithm. Using the discrete-dipole approximation (DDA, [Draine and Flatau, 2000] ), Evans and Stephens [1995] and Liu [2004] studied the single-scattering properties of ice and snow particles at high microwave frequencies. They pointed out that the scattering properties of nonspherical ice and snow particles are substantially different from spherical particles of equal volume. Based on the results of DDA simulations, Liu [2004] proposed parameterizations of the scattering and absorption cross-sections and the asymmetry parameters for rosettes, sector, and dendrite snowflakes. Weng and Grody [2000] showed that the scattering due to ice clouds is strongly dependent on frequency, and unlike the emission process, the scattering process is very sensitive to the distribution of the ice particle size. After analyzing data observed over ocean by an airborne radiometer and radar, Katsumata et al. [2000] reported that snow clouds can reduce upwelling brightness temperatures at 89 GHz by up to ~15 K while being hardly detectable by radiometers at frequencies lower than 37 GHz. By radiative transfer modeling, Bennartz and Petty [2001] and Bennartz and Bauer [2003] concluded that in the middle and high-latitudes, the frequent occurrence of frozen precipitation makes it necessary to utilize high-frequency channels (>100 GHz) that are more sensitive to scattering by precipitationsized particles. They pointed out that a channel around 150 GHz contains significant useful information for identification and retrieval of frozen precipitation at middle and high latitudes.
The advantage of the scattering information, especially at high microwave frequencies (greater than 89 GHz), is that it is sensitive enough to be detectable by satellites for frozen phase particles like snowflakes; it also can provide information about precipitation over strongly emitting surfaces and hence is the primary basis for estimating precipitation rates over land. Using the ice scattering signature at high microwave frequencies, algorithms to retrieve cloud ice water path and snowfall have been developed by several investigators. Liu and Curry [1998] and Deeter and Evans [2000] presented methods to retrieve ice water path using airborne millimeter-wave radiometer data at 89, 150, 183±1, 183±3, 183±7 and 220
GHz. Liu and Curry [2000] and Zhao and Weng [2002] developed ice water path algorithms using high frequency microwave data from the Special Sensor Microwave Water Vapor Profiler (SSM/T2) and the AMSU-B data. Skofronick-Jackson et al. [2003] investigated the combined use of radar and radiometer data at high microwave frequencies to retrieve microphysical profiles in tropical convective cloud. Also, Skofronick-Jackson et al. [2004] presented a physical method to retrieve snowfall over land using AMSU-B data, and they applied the algorithm to a blizzard case that occurred over the eastern United States in 2001.
The goal of this study is to develop a snowfall retrieval algorithm based on Bayes' theorem using high frequency microwave satellite data. An important component of the Bayesian algorithm is the a-priori database that connects brightness temperatures to snowfall rates. In constructing this database, we used a large number of snowfall profiles observed from both airborne and surface radars for shallow snow convections in the vicinity of Japan.
We related these profiles to brightness temperatures with a radiative transfer model [Liu, 1998 ]. Therefore, this algorithm is particularly applicable to snowfall associated with shallow convections. A new feature added to the radiative transfer model is single-scattering properties parameterized for nonspherical snowflakes [Liu, 2004] . To diversify the microphysical properties in the database, several published particle size distributions and atmospheric soundings measured over Japan during 2003 are used.
In situ data are desirable to validate and improve satellite retrieval algorithms; therefore, the lack of observational data has been a serious problem hampering snowfall algorithm development. Recently, the Wakasa Bay 2003 field experiment [Lobl et al., 2005] was conducted to validate satellite retrieval products from the Advanced Microwave Scanning Radiometer -EOS (AMSR-E). It provides both remotely sensed and in situ data of snowfall events. The current study takes full advantage of this rich dataset for the purpose of snowfall retrieval algorithm development and validation.
The rest of this paper is arranged as follows. Section 2 describes the dataset used for the study. Description of the a-priori database is given in section 3. The Bayesian retrieval algorithm is presented in section 4. In section 5, the algorithm is applied to AMSU-B data for snowfall events observed in the vicinity of Japan, and the results are compared with ground based radar-raingauge network data. Conclusions are given in section 6.
Data
In this study, the Wakasa Bay and its surrounding areas (Fig. 1 ) near the Sea of Japan are the main focus. In order to construct a database for snowfall retrievals, data collected during the Wakasa Bay 2003 field experiment [Lobl et al., 2005] are used. This field experiment was carried out near Japan for: validating precipitation products from AMSR-E, examining the AMSR-E's shallow rainfall and snowfall retrieval capabilities, and understanding the precipitation structures through new remote sensing technology. Of the various datasets collected in the experiment, the data from the following two remote sensors onboard a C-130 aircraft are analyzed: the Millimeter-Wave Imaging Radiometer (MIR) and the dual frequency Precipitation Radar (PR-2). The MIR is a total power, cross-track scanning radiometer that measures radiation at seven frequencies: 89, 150, 183.3±1, 183.3±3, 183.3±7, 220 , and 340 GHz [Racette et al., 1996] . The sensor has a 3-dB beam width of 3.5° at all channels. It can cover an angular swath up to ±50 degrees with respect to nadir. Each scan cycle is about three seconds [Wang, 2003] . The PR-2 operates at 13.4 GHz (Ku-band) and 35.6 GHz (Ka-band), and uses a deployable 5.3-m electronically scanned membrane antenna [Im, 2003] . Besides the airborne remotely sensed data, nine upper air sounding profiles and in situ particle size distributions (explained in detail in section 3.2) observed at Fukui airport (36.14°N, 136.22°E) during the Wakasa Bay 2003 field experiment are used.
Data from a 3.2 cm Doppler radar were also used to build the a-priori database. The radar was operated at Obama (35.55°N, 135.74°E) in the coastal area of the western Japan from 2 to 17 February 2001. To convert the equivalent radar reflectivity (Z e ) of this radar to snowfall rate (S), we used the Z e -S relationship of Aonashi et al. [2003] , which is derived by comparing the near surface radar reflectivity of this radar with the reading of a weighing snow gauge.
The snowfall retrieval algorithm is applied to the NOAA-16 AMSU-B data. The AMSU-B has five channels: 89, 150, 183.3±1, 183.3±3, and 183.3±7 GHz [Zhao and Weng, 2002] . The AMSU-B scans crosstrack ± 47° from nadir, thereby covering approximately a 2000 km wide swath. The spatial resolution at nadir is ~16 km. Five of the seven MIR channels operate at the same frequencies as the AMSU-B.
Finally, to validate the retrieved results, the AMeDAS (Automatic Meteorological Data Acquisition System) radar precipitation data are used. The AMeDAS [Makihara et al. 1995; Oki et al., 1997] consists of radar and automatic rain gauge stations located all over Japan. The radar-AMeDAS data are 1-hr accumulated precipitation observations from gaugecalibrated radars. The data cover all of Japan and its coastal area. The spatial resolution is approximately 5 km x 5 km.
Building the a-priori Database
An important component of a Bayesian retrieval algorithm is the a-priori database that connects the observations (brightness temperatures) with the parameters to be retrieved (snowfall rates); the probability density of a snowfall rate in the database should be consistent with the likelihood of the same snowfall rate occurring in actual snow events. To build such a database, we collect snowfall data from airborne and surface based radars. The radar reflectivity is converted to snowfall rate, and a radiative transfer model is used to link the snowfall rate to microwave brightness temperatures.
In an effort to accurately calculate the scattering parameters of snowflakes in radar equations and radiative transfer models, we performed DDA simulations using realistic snow particle shapes. The DDA [Draine and Flatau, 2000] where D max is the maximum dimension of the snowflakes, A r is the area ratio (the projected area of a snowflake normalized by the area of a snowflake with diameter D max ), and e ρ is the effective density defined as the mass divided by the volume of a circumscribed sphere.
Conversion of Radar Reflectivity to Snowfall Rate
Vertical snowfall rate profiles are derived from both the surface Doppler radar and the PR-2. These are used for building the a-priori database. To convert equivalent radar reflectivity of the surface Doppler radar to snowfall rate, a Z e -S relationship empirically derived by Aonashi et al. [2003] is used. It was derived by comparing simultaneous observations of the near surface Doppler radar reflectivity to the snowfall rate of a weighing snow gauge. However, since there are no simultaneous Z e and S observations for PR-2, we derive the Z e -S relations for PR-2 based on theoretical calculations.
The backscatter cross sections calculated from the discrete-dipole approximation (DDA) for snowflakes is used to develop the Z e -S relationships. For the snowfall rate calculation, the following equation by Rutledge and Hobbs [1983] for terminal velocity near ground is employed:
where D max is the maximum dimension of snowflakes in m. Figure 3 shows the so-derived Z e -S relationships by symbols for three frequencies (13.4, 35.6, and 94 GHz) together with several other relations published in the literature for comparison. The Z e -S relations derived in this study are generally within the envelope of previously published ones. It appears that the difference of the Z e -S relations between the two snowflake types is small compared to the difference among different frequencies. Therefore, we take the averaged relation of the two snowflake types, but use separate equation for each of two PR-2 frequencies, i.e., where Z e is the equivalent radar reflectivity in mm 6 m -3 , and S is the snowfall rate in mm h -1 .
Radiative Transfer Modeling of the Observed Snow Events
Since the a-priori database linking the brightness temperatures and snowfall rate will be constructed by radiative transfer calculations, it is essential that the radiative transfer model can produce brightness temperatures consistent with observations. This step is particularly important for the radiative transfer modeling of snowfall because the scattering properties of nonspherical snowflakes are not as well understood as those of raindrops. In this section, we simulate and compare the model brightness temperatures with those observed by MIR during the Wakasa Bay 2003 field experiment to ensure the validity of the radiative transfer model. The radiative transfer model used in the study solves the radiative transfer equation using the discrete ordinate method [Liu, 1998 ] and calculates the single-scattering properties of nonspherical snowflakes using the DDA based parameterization described by Liu [2004] . It assumes the snowflakes are composed equally (by mass) of sector and dendrite particles with random orientations.
On 29 January 2003, strong northwesterly flow was dominant over the Sea of Japan, and extensive areas of snowfall were reported along the west coast of the main island of Japan.
An aircraft flight observed the snowfall over ocean along several different flight legs; Figure   4 shows 
Due to the uncertainties for input variables such as atmospheric water vapor profiles and snow particle size distributions, we choose to vary these variables in the radiative transfer model simulations. One of the most commonly used particle size distributions for snowflakes is in an exponential form:
The parameters N 0 and Λ may be expressed either as constants or as functions of snowfall rate.
In the radiative transfer simulations, we used the same form of the particle size distribution as However, the modeled result at 340 GHz has a larger depression than observed. While 220 and 340 GHz channels are not used in the satellite retrievals at this stage because no satellite has theses channels, disagreements at these two frequencies should be improved through future works using more detailed bias analyses as done by Bauer and Mugnai [2003] . As reflectivity is converted to snowfall rate using (3), and a liquid water cloud layer is inserted between 3 and 3.5 km with liquid water path using (4) calculated from 89 GHz ∆T B . A total of 2201 snow profiles are generated from the PR-2 dataset.
Surface radar data from two snowy days, 13-14 February 2001, are also used to enrich the database. Radar reflectivity was converted to snowfall rate using the Aonashi et al. [2003] empirical Z e -S relationship. As mentioned earlier, the snow clouds in this region are rich in liquid water. However, the surface radar observations do not contain information on cloud (from observations at Fukui and the US standard mid-latitude winter atmospheric profile), and two types of particle size distributions. The total number of datum points in the database is about 260000.
Bayesian Retrieval Algorithm
A retrieval algorithm based on Bayes' theorem can be stated mathematically as follows [e.g., Olson et al., 1996; Evans et al., 1995 Evans et al., , 2002 . Let vector x represent snowfall rate profiles, and vector y 0 represent available observations. In general, the best estimate of x, given the observations y 0 , is assumed as the expected value,
In Bayes' theorem, the probability density function, P(x), is written as
where P OS is the probability equivalent to the distance between observation y 0 and simulations y s (x) for the atmosphere state x. P a is the a-priori probability that x is true. 
where O and S are the observation and simulation error covariance matrices, respectively.
For a sufficiently large database, the integral in (6) can be approximated by the summation for all x j . If we assume that the profiles in the database occur with the same relative frequency as those in nature, or at least with the same frequency as those found in the region where the retrieval method is applied, then the weighting by P a is represented simply by the relative number of occurrences of a given profile type x j . Then (6) may be written as
where the normalization factor is
In the present study, the error covariance matrices, O and S, are set as follows similar to Olson et al. [1996] . The error covariance matrix, S, has no contribution if the model simulation, y s (x), is assumed to be true. The observation error variances are set equal to the instrument error variances with an assumption of zero-mean Gaussian distributed noise with a standard deviation of 1.5 K to each channel except for 0.6 K to 150 GHz and 183±7 GHz.
Due to a lack of information on the correlation of errors between channels, only the diagonal terms of the matrix O are estimated here, and off-diagonal terms are set to zero. The matrix Fig. 7b , the retrieved snowfall rates are underestimated particularly around the fifth cell compared to the observations. This problem may also have been partly caused by the following reason: since MIR data at 340 and three 183 GHz channels had noises around the fifth cell, data from these frequencies were not utilized in the retrieval algorithm.
Application of AMSU-B Snowfall Retrieval to Snowfall Over the Sea of Japan
The snowfall retrieval algorithm is applied to the AMSU-B satellite data. Since there are no 220 and 340 GHz channels in AMSU-B, the AMSU-B version of the retrieval algorithm only uses data from five channels with frequencies from 89 to 183±7 GHz. Three snowfall cases are studied from 14, 16 and 27 January 2001. These were located over Japan and its surrounding areas, and coincided with the field experiment "Winter MCSs
Observations over the Japan Sea -2001" [Murakami et al., 2001a [Murakami et al., , 2001b Yoshizaki et al., coastal areas of the Japan Islands. The snowfall was mainly induced by quasi-stationary bandshaped snowfall systems elongated east and west along the southern coast of Japan.
Meanwhile, on 27 January a synoptic cyclone developed and brought heavy snowfalls over the Kanto plain. For the 16 January 2001 case, our retrieval algorithm exactly detects two strong stationary snow bands shown in Fig. 9b and 9d , although the maximum snowfall appears slightly behind in the west side of the Wakasa Bay. The snow band in the 16 January case is a continuation of the snow band shown earlier on 14 January, which lasted several days.
However, the pattern of brightness temperature depressions at 89 and 183±1 GHz channels become less similar to that of 150 and 183±7 GHz channels and differ significantly from the IR image. It is inferred that the characteristics of these snow bands, including the composition of liquid and ice/snow in the clouds, have changed during 14 to 16 January.
In contrast to snow bands in the previous two cases, an organized snow cloud system associated with a polar low on 27 January was observed. In the GMS IR image (Fig. 10h) , we can see that clouds covered most of central Japan. The intense echo area was circular/spiral in shape and corresponded to the maximum depression of brightness temperature of about 70 K at 150 GHz (Fig. 10b) . The AMSU-B snowfall retrievals show broad snow coverage over central Japan that compares well with AMeDAS snow accumulation about 2 hours after satellite passing time.
Next, we examine the algorithm's performance in a more quantitative manner using a scatterplot of satellite retrieved snowfall rate versus AMeDAS radar observed hourly snowfall accumulation (Fig. 11) . The data pairs in the scatterplot are generated by averaging the satellite retrievals and the AMeDAS radar hourly snowfall accumulations to a 1° x 1° grid over the same area of Fig. 8-10 . In addition, for a satellite retrieval AMeDAS hourly snowfall accumulations (3-hr averaged to the center time) from 3 time periods are compared: the nearest hour to the satellite passage, 1 hour after, and 2 hours after satellite passage. The correlation coefficients between satellite retrievals and AMeDAS data at these times are, Although the correlation coefficients for the January 16 case are relatively lower than the other cases, the highest correlation between the satellite retrievals and surface radar measurements occurs about 1 or 2 hours after the satellite passage. This phenomenon may reflect the fact that satellite-measured quantities are snow particles floating in the atmosphere;
it takes time for the low-terminal-velocity snowflakes to reach surface.
The correlation coefficients shown above for the three cases are very different, ~0.8
for the January 14 case, ~0.6 for the January 16 case, and ~0.96 for the January 27 case. To get insight into this difference, we investigate how brightness temperatures at each frequency contributed to the retrieval. Figure 12 shows the brightness temperature depressions at different channels versus snowfall rate retrievals. The correlation coefficients at each frequency for three cases are summarized in Table 1 . For all the cases, the correlations are higher at 150 GHz and 183±7 GHz except for 150 GHz of 16 January case. Since they are more sensitive to ice/snow scattering, a higher weighting has been given to these two channels in our algorithm. It is interesting to notice that for the January 27 case the correlation coefficients between snowfall rate and brightness temperature at all channels are high, and the brightness temperature depressions are large. The strong scattering signature leads the algorithm to perform the best. On the other hand, on January 16 the brightness temperature depressions are small, and the correlation for 89 GHz is even close to zero. It is interpreted that rich cloud liquid water exists in this case, and the algorithm performs not as well under such conditions.
For these snowfall cases, the coverage of the a-prior database is examined by an EOF analysis to the brightness temperatures of the AMSU-B data and the database [Bauer, 2001; Seo and Liu, 2005] . Figure 13 shows the multi-channel coverage of the database (shaded contours) projected onto the EOF domain of the AMSU-B observations (line contours with intervals of 0.05). The first and second EOFs represent about 98% of total variance of brightness temperatures in our database. In Fig. 13 , although the maximum occurrence is not perfectly matched, it is shown that most of the observed cases are covered by the database.
Conclusions
A snowfall retrieval algorithm has been developed based on Bayes' theorem using high frequency microwave radiometry observations. The a-priori database of the Bayesian algorithm is constructed using airborne and surface based radar measurements of snowstorms in the vicinity of Japan Sea. The relations between brightness temperatures and snowfall rates in the database are established by radiative transfer modeling. The algorithm is subsequently applied to airborne MIR and satellite AMSU-B measurements of snowfall near the Japan Sea, and the retrieved snowfall rates are compared with surface radar observations.
Since the a-priori database is an essential component of the Bayesian retrieval algorithm, special attention has been paid in this study to its construction. First, the backscattering of radar reflectivity and the single-scattering properties used in the radiative transfer model are calculated using a discrete dipole approximation for realistic nonspherical ice particles. Using the scattering properties from nonspherical particles, snowfall rates derived from radar reflectivities and brightness temperatures derived from radiative transfer models are expected to be more accurate than those computed from (so far) widely used spherical approximations. The radiative transfer model that is used to compute brightness temperatures for given snowfall rate profiles was tested against airborne microwave radiometer data. Given the uncertainties in input variables, it appears that the model results agree reasonably well with observations except for the very high frequency 340 GHz channel.
Second, the snowfall rate profiles used for building the database are from actual radar observations. The use of observational data instead of numerical model outputs ensures that the statistics of snowfall rate profiles in the database are consistent with those occurring naturally. To enrich the database, we included profiles from airborne radar and surface radar observations. Third, the diversity of the database is further enhanced by using two different types of particle size distributions: the widely used Sekhon and Srivastava [1970] distribution and the Muramoto distribution that was derived in the Japan Sea region using in situ ice particle measurements. Furthermore, embedded cloud liquid water layers and ten atmospheric sounding profiles are used as input for computing brightness temperatures with a radiative transfer model.
The Bayesian snowfall retrieval algorithm was applied to satellite microwave AMSU-B data for three snowfall cases during January 2001 in the vicinity of the Japan Sea. The retrieved results are compared with the AMeDAS surface radar observations. Overall, the algorithm produces snowfall patterns in agreement with the radar data, especially within 1-2 hours after the satellite passage. The correlation coefficients between 1°x1° gridded results of retrieved snowfall rate and AMeDAS radar snow accumulation varies from ~0.6 for a relatively light snowfall case of snow bands with smaller scales to ~0.96 for a heavy snowfall case associated with a low-pressure system. It appears that the snow particles are relatively "wet" for the low correlation case with rich cloud liquid water, but the snow particles are "dry" for the high correlation case, in which all AMSU-B channels show appreciable scattering signatures. Therefore, further characterizing the vertical structure of hydrometeors through inclusion of cloud liquid water layers, through observation, and through development of the a-priori database accordingly are highly desirable for improvement of the accuracy of wet snowfall retrieval in the future.
A further note is that the database developed in this study is based on observations of snowfall events near the Japan Sea for the sole reason of data availability. Therefore, our algorithm is considered best suited for snowfall in this region. However, as more snowfall radar observations become available in the future, for example by CloudSat radar [Stephens et al., 2002] , a global database can be constructed in a similar fashion, and the algorithm may be applied globally. Figure 2 . Two types of snowflakes used in the DDA computation. Figure 3 . Z e -S relationships for snow from calculations using DDA and several previous studies. Comparisons between retrieved snowfall rates and 3-hr averaged hourly accumulated surface radar snow amounts at the nearest corresponding time, after 1 hour, and after 2 hours respectively for 14, 16, and 27 January 2001. 
